Fibromyalgia (FM) is a chronic widespread musculoskeletal pain disorder that is very prevalent in the general population (approx. 5%). Accumulating evidence suggests that FM is associated with central pain processing abnormalities, i.e. central sensitization. Several previous studies of chronic pain patients, including FM, have shown gray matter atrophy of brain areas associated with sensory and affective pain processing. These findings, however, have not been confirmed in all FM studies. In this study, we investigated gray matter volumes of brain areas associated with painrelated areas of FM patients identified by functional brain imaging. Using voxel-based morphometric (VBM) analysis of magnetic resonance brain images, we compared 19 pain related brain areas of 14 female FM patients and 11 healthy controls (NC). We found that FM patients had significantly less gray matter volumes than NC in three of these brain regions, including the anterior and mid-cingulate, as well as mid-insular cortices. Importantly, FM patients neither demonstrated global gray matter atrophy nor gray matter changes associated with depression, as shown in some studies. Using a more stringent analysis than other VBM studies, we provide evidence for decreased gray matter volumes in a number of pain related brain areas in FM. Although the mechanisms for these gray matter changes are presently unclear, they may contribute to some of the core features of this chronic disorder including affective disturbances and chronic widespread pain
fluctuating and always associated with local or generalized tenderness (hyperalgesia and/or allodynia). FM-related tenderness depends on increased peripheral and central nervous system responsiveness to stimulation of muscle and other deep tissues and is manifested as hyperalgesia or allodynia. The pathogenesis of such peripheral and central nervous system changes in FM is unclear, but peripheral, spinal and supra-spinal changes have been implicated 10 ,40. Parallel lines of research suggest that chronic pain disorders, including FM are associated with not only functional neuronal plasticity, but also changes in brain morphology 25 . The impact of chronic pain on nervous system structures has primarily been studied in animal models 17 , 19 , 52 . These studies not only showed reorganization of nociceptive coding but also evidence for atrophy of dorsal horn neurons 9 , 26 , 48 . The large majority of these studies demonstrated that chronic pain and stress-related disorders, including chronic low back pain, headache, post-traumatic stress disorder, and FM, may be accompanied by reductions in gray matter of various brain regions 3, 22, 35, 46 . These brain areas have included regions within the thalamus, frontal cortex, anterior cingulate, insula, and parahippocampal gryus (May, A. 2008 for review). Although most of these studies report gray matter reductions, the implications and causal relationships associated with them remain uncertain. Nevertheless, voxel based morphometry (VBM) estimates of global gray matter decrease have been validated by close agreement with other MRI measures of local gray matter changes 24 ,31,45. However, only direct histological evidence can ultimately confirm tissue atrophy.
The clinical relevance of gray matter atrophy is uncertain because studies are lacking that examine brain function and structure within the same patient population or across chronic pain and control populations. Most critically, it is entirely unclear whether changes in gray matter occur in relationship to pain-processing. Consequently, the purpose of the current study was to determine whether differences in VBM volumes exist in pain-related brain regions of FM patients and normal controls (NC). Nineteen such regions were activated in both FM and NC subjects during temporal summation of second pain (TSSP or windup) in a recent fMRI study 41 . This follow-up analysis allowed us to address three questions: 1) Are there reductions in gray matter in these 19 pain processing areas of FM patients? 2) Are these reductions associated with the magnitudes of neural responses in these regions? 3) Are these reductions associated with clinical pain and levels of negative affect?
We selected voxels of interest (VOIs) that were activated during TSSP in both FM and NC 41 and compared the gray matter volumes of these brain regions between groups. This strategy provided a basis for determining whether morphological changes in FM patients are related to afferent processing within the "pain matrix".
Methods

Subjects
The study participants consisted of 11 middle-aged healthy pain-free female subjects [mean age (SD): 42.4 (9.8) years) and 14 female FM patients (43.1 (6.9) years] from the local community or FM support groups (for more details see 41). All FM patients fulfilled the 1990 American College of Rheumatology Criteria for FM 50. . Informed consent was obtained from all participants and the study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki. The University of Florida Institutional Review Board approved the procedures and protocol for this study.
Experimental design
Using fMRI we have previously identified 19 brain areas of FM and NC subjects that become activated during TSSP 41 . Briefly, we elicited TSSP by applying sensitivity adjusted repetitive heat pulses to the glabrous surface of the right foot of study subjects. During such repetitive heat pulses all subjects reported moderate pain which displayed latencies consistent with C-fiber activation 42 , 43 .
Using painful stimuli several studies have shown increased activation of pain related brain areas in FM subjects compared to NC 7 , 14 . However, when sensitivity adjusted stimuli were used to induce perceptually equivalent levels of pain 41 , activations of pain-related brain regions were not statistically different across NC and FM groups for any of the 19 regions activated, including the thalamus. However, these sensitivity adjusted activations required lower stimulus intensities in FM as compared to NC. Thus, the causal relationships between neural output of the 19 regions and reported pain intensity were similar across both groups [equivalent magnitudes of response do not necessitate equivalent processing mechanisms]. To clarify whether the same amount of gray matter is used to generate these causal relationships, our current study compared the gray matter volumes among the 19 previously identified voxels of interest (VOIs) across FM and NC subjects 41 .
Image acquisition
For more detailed information, see Staud et al., 2008 . Briefly, MRI data were acquired on a research-dedicated head scanner (Siemens Allegra, 3.0 T) using a standard head RF coil. High-resolution 3D anatomical images were acquired using a T1-weighted MP-RAGE protocol (128 1-mm axial slices; TR = 2000 ms, TE = 4.13 ms, FA = 8°, matrix = 256 × 256 mm, FOV = 24 cm). Data were analyzed with a Xeon dual-processor 3.4 GHz workstation using BrainVoyager (BVQX 2.1 -Brain Innovation, Maastricht, the Netherlands; www.brainvoyager.com).
Volumes of interest (VOIs)
We have previously reported on windup-related brain activity in discrete volumes of interest (VOIs) in healthy pain-free and FM subjects 41,42. VOIs were determined to be actively involved in TSSP if the voxel clusters of the resultant SPMs (statistical parameter maps) met the following criteria: (a) cluster volumes were at least 100 µL (i.e., 100 contiguous voxels); (b) the voxel cluster maintained integrity for both individual (Level 1) and group (Level 2) contrasts; (c) all of the voxels exceeded the significance test threshold of FDR < 0.02, p < 0.0005; and (d) the center-of-mass gravity for the voxel cluster was in an identifiable, conceptually meaningful brain region.
Because the neural activity in these brain regions was found to be functionally equivalent in both the FM and NC groups, the geographical boundaries of the VOIs was determined by the analyses of the fMRI data (data not shown here). Hence, the volumetric analyses were performed in a common standardized 3D (i.e., Talairach) space for all individuals.
Tissue Segmentation and Volumetric Analyses
To avoid any measurement bias, all of the 3D volumetric scans from NC and FM subjects were renamed by one of the authors. Subsequent volumetric measurements were performed by a different author who was blind to the renaming scheme. Using BrainVoyager QX the first step in the volumetric analyses was to prepare the 3D anatomical images for automatic tissue segmentation. This included checks for inhomogeneity, pre-segmentation, and inhomogeneity correction. The next step involved the visualization and manual correction of errors. Detailed information about these procedures can be found online at <http://wiki.brainvoyager.net/Segmentation_Guide>. The result of these steps was new 3D datasets for each subject representing the gray and white matter of each hemisphere. Once these new datasets were created, the number of gray matter voxels within the boundaries of each previously identified VOI were counted using Matlab R2008a and a toolbox created specifically for BrainVoyager. As each voxel is 1mm 3 the total number of non-zero voxels in each VOI is equivalent to the volume (µL) of gray matter in that VOI. This procedure was replicated for all the VOIs across all the subjects in the study. As an additional control against the potential confound of systematic variation introduced during the warping (into standardized space) procedure the total cortical gray matter volume was calculated and used as a covariate during subsequent analyses.
Questionnaires
Medical College of Virginia Pain Questionnaire-All subjects were asked to complete the Medical College of Virginia (MCV) Pain Questionnaire 32,47. This questionnaire was used to characterize the study subjects. The MCV Pain Questionnaire has three domains, consisting of ratings of pain (VAS), negative emotions related to chronic pain (VAS), and the impact of pain on subjects' lives (VAS). In addition, they were asked to complete Beck's Depression Inventory (BDI) 4 and the Spielberger State/Trait Anxiety Questionnaires 39. The BDI is a self-administered 21 item self-report rating inventory measuring characteristic attitudes and symptoms of depression. Scores can range from 0 -63. A score of 19 and higher is indicative of clinical depression. Spielberger's State/Trait Anxiety Inventory consists of 20 items each that ask how a person feels now, and reflects situational factors that may influence anxiety levels. Scores range from 20 to 80 and the higher the score the greater the level of anxiety.
Statistical Analysis
Using SPSS 17.0 (Chicago, USA) group differences of mood measures and gray matter volumes were examined utilizing independent t-tests
Results
Ratings of negative affect
The mean (SD) score on the Beck Depression Inventory (BDI) [range 0-63] for the control subjects was 2.6 (3.9) and their Spielberger State/Trait Anxiety scores were 29.7 (9.1) and 45.6 (6.6), respectively. The mean BDI score for patients with FM was 13.2 (9.5) and their state/trait anxiety scores were 33.9 (3.4) and 43.1 (3.4), respectively. Compared to control subjects, independent sample t-test of the BDI scores revealed significantly higher scores among patients with FM (t(27) = 2.9; p < .05). The elevated BDI scores suggests that patients with FM may experience low levels of depression, however, the scores overall are well below the cut-off for major depressive episodes [i.e., scores > 20] 13 . The Spielberger State/Trait anxiety scores were low and statistically equivalent in both groups (i.e., p > .05).
Ratings of somatic and experimental pain
Healthy control subjects did not report somatic pain prior, or after the fMRI scans. Conversely, patients with FM rated their baseline pain as 2.9 (1.2) VAS units. Their pain ratings significantly increased after the fMRI scans to 3.7 (1.4) (t(22) = 1.24; p < .05).
As reported previously 41 , all subjects rated their level of pain for the last stimulus of either 2-pulse or 6-pulse trains of thermal stimuli presented at 0.33 Hz and 0.17 Hz. Because sensitivity adjusted stimuli were used for each subject, no main effect for group was found (p > .05). The results identified the presence of a frequency-by-stimulus number interaction (p < .001), indicating that in both groups greater pain was associated with the 6-pulse train presented at 0.33 Hz compared to the 6-pulse train at 0.17 Hz..
Voxel Based Morphometry (VBM)
Global Gray Matter Analysis-The total gray matter volume of NC and FM subjects was 628,680 µL and 576,022 µL respectively. There was no statistically significant difference between the total volumes of gray matter of NC and FM subjects (p > .05).
Gray matter volumes of TSSP activated Volumes of Interest (VOIs) as determined by fMRI-As shown above, TSSP resulted in robust activation of pain related brain areas in NC and FM subjects 41 . Those analyses resulted in the identification of 19 VOIs with similar magnitude of activation in both groups (Table 1) .
Thus we examined these 19 brain regions for potential structural differences between NC and patients with FM. More specifically, for this study, we used voxel-based morphometry (VBM) analyses to determine whether there were significant group differences in the gray matter volume of the 19 VOIs.
Using independent samples t-tests three of the 19 VOIs showed significant lower gray matter volumes in FM subjects compared to NC (left mid insula, left dorsal anterior cingulate cortex, and left rostral cingulate cortex) ( Table 2 ). In all three areas, subjects with FM had significantly less gray matter compared to control participants ( Figure 1 ).
Effects of Negative Affect on Gray Matter Volume
Individuals suffering from chronic pain often report elevated ratings on measures of negative affect and mood. Moreover, the presence of affective spectrum disorders has been reported to account for the observed gray matter loss reported in FM subjects 16 . Thus we analyzed measures of depression, anxiety, frustration, anger, and fear for group differences. As can be seen in Table 3 , individuals with FM had significantly higher scores on all measures of mood. However, no significant correlation between the measures of negative affect and the gray matter volume was identified for any VOI. (all p >.05)
Discussion
Previous VBM analyses of gray matter changes in chronic pain patients have shown inconsistent results. Whereas most studies have demonstrated gray matter atrophy of the prefrontal cortex, ACC, insula, and thalamus 5,22, others reported increased gray matter in the basal ganglia and other brain areas 36 . These inconsistencies may be related to functional differences between pain conditions, but also to subject variability and analytical technique. To control for inter-individual variability of pain related brain activation we compared only FM and NC subjects whose functional pain related brain areas had been mapped in a previous fMRI study. These functional pain-related brain areas were subsequently selected for gray matter comparisons unlike most other VBM studies which compared brain areas solely according to stereotactic coordinates. Using such stringent criteria, this study provided three important and novel findings. First, three of the 19 brain regions (left mid insula, left rostral ACC, and left mid ACC) had less gray matter in FM as compared to NC subjects, despite no difference in overall brain gray matter (Figure 2) . Second, group differences in gray matter volumes of these three brain areas were not associated with group differences in neural responses to painful stimuli as shown by Staud et al., 2008 . Finally, reductions in gray matter could not be accounted for by differences in pain related negative affect, such as depression. VBM comparison between groups, however, were not statistically different for the majority of areas of the "pain matrix", including thalamus, S-1, S-2, and posterior insular cortex.
Similar to a previous VBM study 16 we were unable to replicate global gray matter difference between FM patients and NC as reported previously 22. In addition, we were unable to confirm reductions in regional gray matter in many previously reported VOIs (left parahippocampal gyrus, left and right mid/posterior cingulated, medial frontal cortex 22; bilateral striatum, and left thalamus 36). One possible reason for these discrepancies may be that our stringent VBM analysis did not provide enough power to detect subtle differences of some pain related brain areas between NC and FM patients.
Altered Gray Matter Volumes in Chronic Pain Patients
Alterations of resting and stimulus-evoked regional cerebral blood flow have been described in a number of functional brain imaging studies of FM patients. These studies provided evidence for altered CNS processing in pain related brain areas such as the thalamus, somatosensory cortex, insula, and anterior cingulate cortex 41 , 49 . In contrast to functional brain imaging, structural neuroimaging techniques -such as VBM -use differences in gray matter volume or density to explore abnormalities of CNS function. VBM has been used to study abnormalities in gray matter associated with many chronic pain conditions, including vulvodynia 37 , chronic fatigue syndrome 27 , irritable bowel syndrome 38 , tension headache 33 , chronic back pain 3 , 34 , and FM 5 , 22 , 23 , 51 .
Gray Matter Volumes and Depression
Several neuro-imaging studies have reported reduced hippocampal volumes in patients with major depression 1 , 12 ,20. Extensive neuromorphologic abnormalities in the hippocampus, DLPFC, and anterior cingulum, particularly during the course of depression, seem to be clinically associated with more severe depression. The VBM results for other brain regions have been inconsistent. For example, enlarged amygdala volumes and reduced volumes of the ACC and the prefrontal cortex have been reported in some investigations using VBM, suggesting alterations in the fronto-limbic network 6. Basal ganglia volumes were frequently reduced in patients with major depression, but this was more likely in late-onset depression 18, 21 . When FM patients with affective spectrum disorders (AD) were compared to NC a reduction in gray matter volume of the left anterior insula was detected in FM patients 16 . However, this difference disappeared when only FM patients without AD were compared to healthy controls. Our study also detected gray matter atrophy of the left anterior insula in FM patients. This result, however, did not change after controlling for depression. Although it appears that decreased gray matter atrophy in the left anterior insula can be attributed to affective disturbance, other factors like chronic pain or stress may also impact this particular brain area.
Association of Chronic Pain with Brain Atrophy
In recent years the representation of pain in the CNS has been extensively studied with various brain imaging techniques, including fMRI, SPECT, and PET (Price & Bushnell, 2004) . Despite the use of different techniques, equipment, and statistical criteria, there has been considerable consistency in brain regions involved in pain related processes in NC and pain populations alike 28,30. Similar to our study 41, neuroimaging investigations have consistently identified multiple brain regions (i.e., ACC, insula, somatosensory cortex, thalamus, dorsolateral prefrontal cortex) associated with pain in chronic pain patients 8,29. The findings from imaging and behavioral studies suggest a functional plasticity of the brain circuitry that is consistent with theories of central sensitization, which is likely a key factor in the development and/or maintenance of chronic pain conditions 11,44. A possible explanation for the decreased gray matter volumes in chronic pain disorders might be atrophy secondary to excitotoxicity and/or exposure to inflammatory cytokines 3. It is also noteworthy that gray matter loss of FM patients not only occurred in regions associated with pain processing, i.e. cingulate, insular, and prefrontal cortices 2, but also occurred in brain areas related to stress responding i.e. parahippocampal gyrus 15. Because the ACC has been implicated in pain modulation 2 (i.e., inhibition and facilitation of pain), atrophy of this area could contribute to abnormal pain processing of FM patients. Prospective studies will be necessary to determine whether the observed structural changes are the cause or the consequence of FM.
Limitations
Our interpretation of observed differences in ACC and insula between NC and FM patients entailed the use of rather liberal interpretations of statistical significance. If we had employed conservative adjustments for multiple comparisons (ie. Bonferroni), it is likely that our results would not have reached statistical reliability. However, examination of statistical effect sizes of both the significant (p < .05) and non-significant comparisons (Table 2) , showed the magnitude of the group differences ranging from very small (.017) to large (1.4), with the majority of the effects in the moderate range (.4 to .7). Our analyses represented a priori hypotheses about specific regions of interest, rather than a whole brain analysis approach which would have capitalized on chance findings. Moreover, several previous reports also described decreased gray matter volumes in the ACC and insula of FM patients, thus confirming our analysis 22 ,23,51 . Because a larger sample size may demonstrate a more definitive association of brain plasticity with chronic pain, further investigations are needed.
Conclusions
Our results extend and corroborate those of previous studies in demonstrating decreased gray matter volumes in 3 of 19 brain areas involved in pain processing in FM, on the basis of previously acquired fMRI data. However, these reductions in gray matter were neither distributed throughout the "pain matrix" nor associated with depression. Further research is needed to determine whether they reflect mechanisms of reduced pain inhibition or selective alterations in later stages of pain processing. The lack of gray matter differences at 16 of the 19 pain-related areas, especially those reflecting earlier stages of processing (e.g., thalamus, S-1) suggest that additional mechanistic factors are involved in abnormal afferent pain processing in FM.
Perspective
Increasing evidence supports the association of chronic pain with accelerated gray matter atrophy in pain disorders like low back pain, IBS, and FM syndrome. However, causeeffect relationships between chronic pain and decreased gray matter volumes have not been established yet and will require future prospective studies. Pain related brain areas showing decreased gray matter densities in FM patients compared to NC subjects. These areas include the left rostral (blue) and mid-ACC (green), as well as left mid-insula (yellow). Table 1 TSSP-Related VOIs for Pain-Free NC and FM Subjects Mood measures were obtained by visual analogue scale ratings (0-100) using the MCV
